The evolutionarily persistent and widespread use of carotenoid pigments in animal coloration contrasts with their biochemical instability. Consequently, evolution of carotenoid-based displays should include mechanisms to accommodate or limit pigment degradation. In birds, this could involve two strategies: (i) evolution of a moult immediately prior to the mating season, enabling the use of particularly fast-degrading carotenoids and (ii) evolution of the ability to stabilize dietary carotenoids through metabolic modification or association with feather keratins. Here, we examine evolutionary lability and transitions between the two strategies across 126 species of birds. We report that species that express mostly unmodified, fast-degrading, carotenoids have pre-breeding moults, and a particularly short time between carotenoid deposition and the subsequent breeding season. Species that expressed mostly slow-degrading carotenoids in their plumage accomplished this through increased metabolic modification of dietary carotenoids, and the selective expression of these slow-degrading compounds. In these species, the timing of moult was not associated with carotenoid composition of plumage displays. Using repeated samples from individuals of one species, we found that metabolic modification of dietary carotenoids significantly slowed their degradation between moult and breeding season. Thus, the most complex and colourful ornamentation is likely the most biochemically stable in birds, and depends less on ecological factors, such as moult timing and migration tendency. We suggest that coevolution of metabolic modification, selective expression and biochemical stability of plumage carotenoids enables the use of unstable pigments in long-term evolutionary trends in plumage coloration.
Introduction
How do the contingent processes of development and function produce longterm evolutionary trends? Darwin considered this question to be central to his theory of evolution, because it would provide a crucial insight into the relationship between inheritance and natural selection [1] , and between the developmental stability of complex phenotypes and their ability to accommodate and integrate novel inputs [2 -4] . There are several insightful conceptual resolutions of this question [5] [6] [7] [8] [9] [10] , but empirical tests are rare because they require investigation of evolutionary trajectories where an environmentally contingent trait gets reliably incorporated into the phenotype and stabilized over evolutionary timescales.
One of the most striking examples of the recurrent incorporation and accommodation of environmentally contingent elements is the evolution of diet-dependent coloration in animals. For example in birds, complex and lineage-specific carotenoid-based ornamentation requires carotenoids obtained through the diet that are subsequently incorporated into the organismal phenotype [11] . Unbound carotenoids (and, in particular, dietary carotenoids) degrade rapidly with UV and oxygen exposure [12] [13] [14] . Thus, differences among carotenoids in biochemical stability, together with the empirical investigation of mechanisms by which birds stabilize and integrate these compounds & 2016 The Author(s) Published by the Royal Society. All rights reserved.
into their feathers, can provide important insight into the evolutionary integration of externally obtained elements into phenotypes.
Plumage-bound carotenoids are acquired through the diet during the short period of feather growth (moult), and can be either deposited directly or biochemically modified prior to deposition in the feather [15, 16] . Once carotenoids become incorporated into the keratin matrix of a growing feather, no further addition of pigment is possible. Numerous observations of change in feather colour between subsequent moults showed that abrasion or other alterations of feather structure (e.g. by microbial activity, physical damage, UV exposure) progressively exposes embedded carotenoids to additional oxidization, and thus produces colour change despite the lack of additional pigment input [17] [18] [19] [20] [21] . An important discovery is that different carotenoid types within a feather have different potential for UV and oxygen modification, with some carotenoids remaining remarkably stable once deposited in feathers whereas others change readily, considerably modifying the appearance of the plumage [20] [21] [22] . The biochemical stability of carotenoids typically increases with metabolic modification [23, 24] , including those commonly accomplished by birds [25] . Thus, metabolic modification of carotenoids prior to deposition, the selective deposition of biochemically stable carotenoids, and the duration of post-deposition exposure prior to the breeding season (i.e. timing of moult) should coevolve.
Carotenoids can be a priori classified into degradation propensity groups based on their structural features (electronic supplementary material, appendix 1; [13, 26] ). For example, carotenoids with different structures vary in their potential for photo-oxidation, reactivity with free radicals, and in their associated tendency to produce carbonyl compounds and highly reactive epoxides [12, [27] [28] [29] . Reduction in the number of conjugated double bonds in a carotenoid produces a shift towards lower wavelength absorbance, and corresponding changes in hue and intensity of the associated colour [14, 30] . Differences between yellow and red carotenoids in their degradation propensity and photo-bleaching are consistent with the observed relative biochemical instability of yellow feather pigments compared to red and purple pigments (e.g. [31, 32] ).
To accommodate the biochemical instability of dietary carotenoids, birds could employ several strategies. Species could (i) evolve enzymatic pathways to convert these compounds to slower degrading forms prior to deposition in feathers, (ii) evolve compound-specific integration with feather proteins that minimizes carotenoid instability, (iii) selectively consume more slow-degrading dietary carotenoids or selectively express slow-degrading carotenoids or (iv) optimize the time between carotenoid acquisition (i.e. moult) and plumage display (i.e. breeding season). These strategies may be sequential evolutionary stages or alternative tactics pursued by different avian lineages. Optimizing the timing of carotenoid acquisition and display might involve the evolution of a pre-breeding moult for species that deposit mostly fast-degrading carotenoids. Alternatively, species might capitalize on the effects of feather abrasion, subsequent photo-oxidation and associated colour change to arrive at the most advantageous colour at the time of mating [17, 19, 33] . Species with only a post-breeding moult might have a greater prevalence of feather protective structures and modifications (e.g. unpigmented feather tips and barbules, denser keratin matrix) that enable pigment preservation and optimal expression during the subsequent mating season.
Here, we examine coevolution and evolutionary lability of metabolic modification of consumed carotenoids, their expression in the plumage and timing of moult in 126 bird species. The timing of moult, its duration and intensity coevolves with migratory tendency in birds [33 -36] , which imposes an additional constraint on the acquisition, metabolism and subsequent duration of environmental exposure of the plumage carotenoids [37] [38] [39] [40] . In turn, the juxtaposition of moult, breeding season and migration varies with geographical distribution and local seasonality. We statistically controlled for the effects of migration tendencies and geographical distribution on moult strategies and biochemical stability of plumage carotenoids. We also examine the mechanisms associated with evolutionary transitions from the expression of fast-to slow-degrading carotenoids in plumage and use repeated sampling of individuals of one species to directly examine the degradation propensities of feather carotenoids in relation to their metabolic modification.
Material and methods (a) Data collection
Data on the timing of the nuptial moult in relation to the breeding season (here pre-breeding moult, post-breeding moult or both), migration tendency (migratory or resident-which includes altitudinal and short-range migrants), geographical distribution (North and Central America, South America, Eurasia, Africa and Oceania) and carotenoids present in the plumage for 126 bird species were collected from the literature (figure 1; electronic supplementary material, appendix 2). We also calculated the time (Dt, in days) from the midpoint of the breeding season to the midpoint of the closest moult period (figure 1). For species with both a pre-and post-breeding moult, Dt was calculated from the pre-breeding moult period. Data on metabolic pathway elongation (maximum number of enzymatic reactions from dietary to expressed carotenoids) and the selective expression of plumage carotenoids (proportion of carotenoid compounds expressed in the plumage relative to the total number of carotenoids in a species' metabolic network) are taken from appendices in [25, 41] and are presented in figure 1.
(b) Categorization of carotenoid degradation propensity
Carotenoids were categorized as fast-or slow-degrading based on their chemical structure and the reactivity of their functional groups (electronic supplementary material, appendix 1). Carotenoids are characterized by a backbone of alternating double and single carbon -carbon bonds [42] , which is subject to degradation by cleavage of the double bonds in the presence of oxygen, heat or light [29,43 -45] . While carotenoids likely display a continuum of biochemical stability, discrete categories were required for our comparative analyses. Stability of the plumage carotenoids was calculated as the ratio of slow-degrading carotenoids to the total carotenoids present. For the subset of analyses using discrete traits (see below), plumage carotenoids were considered 'stable' if at least half of the expressed carotenoids were slow-degrading and 'unstable' if more than half of the expressed carotenoids were fast-degrading (electronic supplementary material, appendix 1).
(c) Empirical validation of degradation categories
To examine whether carotenoids that we classified as fast-and slowdegrading based on their structure (electronic supplementary rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160403 material, appendix 1) degrade at different rates under natural conditions, we repeatedly collected ornamental feathers from 54 adult male house finches (Haemorhous mexicanus) in an individually colour-marked study population in southeastern Arizona (details in [38] ). House finches are a particularly useful species to examine the validity of the degradation categories, because they express a similar number of slow-and fast-degrading carotenoids in their plumage [25, 41] . For each male, we sampled three to five feathers from each ornamental area (breast, crown and rump) within 30 days of moult completion, and then again three to six months after the moult. The mean time between feather samples (mean + s.e.: 154 + 6 days) approximately corresponds to the time between the species' single post-breeding moult (August-September) and breeding season (January-February) for this population [46] . See the electronic supplementary material, Methods for details of carotenoid extraction and identification.
(d) Bayesian analyses
To test for correlated evolution and to estimate evolutionary transition rates between moult timing, migration tendency, the stability of plumage carotenoids, elongation of metabolic pathways and selective expression of carotenoids in the plumage, we used reversible-jump Markov chain Monte Carlo (rj-MCMC [47 -50] ) and a 1000-tree sample from birdtree.org [51] . This method simultaneously accounts for phylogenetic uncertainty and visits evolutionary model and parameter combinations in proportion to their posterior probabilities given the trees, data and priors. See the electronic supplementary material Methods for details of the analyses.
(e) Multivariate linear models
We calculated independent linear contrasts on a majority rule consensus tree of the 1000 tree sample from [51] in MESQUITE v. 3.03 [52] using the PDAP v. 1.16 package [53] . To achieve normal distribution, the standardized contrasts were log-(Dt, selective expression, numbers of fast-and slow-degrading carotenoids) or arcsin-(metabolic elongation, ratio of slow/total carotenoids) transformed. We used general linear models in SAS v. 9.04 to calculate the least-square means for independent contrasts and no-intercept multiple regression coefficients.
Results (a) Phylogenetic distribution of traits and correlates of carotenoid stability
The relationship between the stability of the plumage carotenoids, metabolic elongation, selective expression of carotenoids, migratory tendency and moult timing is shown in figure 1 . Species in this study expressed 1-19 carotenoids in their plumage and had up to 24 carotenoids in their biochemical networks. Metabolic elongation and the number of fast-and slow-degrading plumage carotenoids covaried with species' migratory tendency and geographical distribution (electronic supplementary material, table S1). Thus, in subsequent analyses we statistically controlled for migratory tendency and geographical distribution. Stability of the plumage carotenoids (ratio of slow-degrading to total carotenoids) was strongly correlated with the timing of moult, metabolic elongation of the enzymatic pathway from dietary to expressed carotenoids, and the selective expression of carotenoids (figure 2a). Species with greater metabolic elongation had higher stability of plumage carotenoids that was accomplished through both an increase in the ratio of slow-degrading carotenoids and by selective expression of these carotenoids in plumage (figure 3). We thus examined the rate and sequence of evolutionary transitions in the correlated expression of these parameters.
(b) Evolution of moult timing and carotenoids stability
The evolution of moult timing relative to breeding was strongly associated with the biochemical stability of the plumage carotenoids (log Bayes factor (BF) . 8.02) and with migratory tendency (log BF . 4.07). Moult timing was evolutionary labile, but some transitions were more likely than others (figure 4a): in species in this study, a pre-breeding moult evolved subsequently to a post-breeding moult and was less labile than the stability of the plumage carotenoids (figure 4c). Evolution of a pre-breeding moult was more likely when ancestral species were migratory. A single post-breeding moult typically evolved when ancestors were non-migratory (figure 4b).
(c) Mechanisms of plumage carotenoid stability
The stability of the plumage carotenoids was strongly correlated with metabolic elongation of enzymatic pathways and the selective expression of slow-degrading carotenoids (log BF . 17.55 and 15.66, respectively). These two mechanisms were strongly positively correlated (log BF . 76.98), but metabolic elongation was more evolutionary labile than the selective expression of carotenoids (figure 4d). Greater biochemical stability of plumage carotenoids in species with longer metabolic pathways was due to the greater number of newly gained slow-degrading compounds (figure 3d ) and their selective expression in plumage (figure 3c).
(d) Carotenoid degradation during the post-moult period
The relative concentration of carotenoids in house finch feathers changed during the post-moult period (figure 2b). The relative concentration of carotenoids a priori classified as 'fast-degrading' (electronic supplementary material, appendix 1; mostly dietary carotenoids) decreased 27.44 + 5.34% (mean + s.e.), whereas Figure 1 . (Overleaf.) Phylogenetic distribution of plumage carotenoid composition, moult type and migratory tendency shown on a strict consensus tree produced from a 1000 tree pseudo-posterior distribution. Stability. The percentage of fast-and slow-degrading carotenoids in the plumage. Stability can be achieved through biochemical modification of dietary carotenoids, consumption of slow-degrading carotenoids, or by the selective expression of slow-degrading carotenoids in the plumage. Elongation. The maximum number of enzymatic reactions between dietary and expressed carotenoids observed in a species (dark blue) relative to the maximum observed among the 126 species (length of the bar). Carotenoids. The total number of carotenoids expressed in the plumage. Expression. figure 2c ).
Discussion
We found that the biochemical stability of plumage carotenoids increased with the length of the metabolic pathways and with the selective expression of slow-degrading, metabolically derived, carotenoids. Species that expressed primarily fastdegrading, metabolically unmodified, dietary carotenoids primarily fast-degrading, metabolically unmodified, dietary carotenoids in their plumage in their plumage had higher evolutionary lability of their moult timing. Among these species, an additional, pre-breeding, moult was gained and lost readily and repeatedly from an ancestral state of only post-breeding moult (corroborating the results of [34, 35] ). Furthermore, the evolutionary lability of moult timing strongly covaried with migratory tendency (see also [33, 54] ): migratory species most often gained a pre-breeding moult, whereas non-migratory species most often lost it (figure 4). Conversely, species that expressed mostly slow-degrading carotenoids, as the result of metabolic modification or selective expression, had lower lability of their moult timing and a weaker association between the stability of plumage carotenoids and moult timing or migratory tendency. Evolutionary association among moult timing, migration, metabolic modification conversion and the ability to selectively express carotenoids should be proportional to the consistency of selection for such association. Lineages with access to a particular set of dietary carotenoids over evolutionary time might evolve metabolic pathways to convert these compounds to more slow-degrading forms and then selectively express the stabilized compounds. This would result in decreased interdependency between the stability of the plumage carotenoids and contemporary ecological factors (figures 2 and 4). At some stages of this process, such as when species start to use novel dietary compounds and tend to express them without modification, temporary gains of a pre-breeding moult might facilitate use of these fast-degrading compounds in plumage displays. In turn, gain of an additional moult affects a suite of life-history traits, including migratory schedule, and could ultimately produce the frequently documented ecological associations among plumage displays, migration and range expansion [34, 39, [55] [56] [57] [58] [59] [60] .
Could elongate metabolic pathways that convert fastdegrading dietary carotenoids to slow-degrading carotenoids be a derived state within avian lineages, whereas direct and unselective expression of dietary carotenoids, be an ancestral 
( f ) Figure 3 . Variation in (a) the biochemical stability of plumage carotenoids (the ratio of slow-degrading carotenoids to the total carotenoids present), (b) time to moult (Dt), (c) selective expression, (d ) number of slow-degrading carotenoid types, (e) number of fast-degrading carotenoid types and (f ) total number of carotenoids, partitioned by metabolic elongation of the carotenoid pathway (longest distance from dietary to expressed carotenoid within a species, x-axis). Shown are least-squared means (+s.e.) for the residuals of independent linear contrasts after the effects of migration tendency and geographical distribution were statistically removed (electronic supplementary material, table S1). Metabolic elongation is divided into three groups (dashed lines; lower 33%, corresponding to distance of 0 -2 enzymatic reactions from dietary compounds, 33 -66%, corresponding to 3-4 enzymatic reactions and more than 66%, corresponding to more than 4 enzymatic reactions). Sample sizes (n) are shown as numbers of species in each category. Horizontal lines connect means that were not different between groups at a , 0.05. (Online version in colour.)
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state? This scenario is unlikely because colour-the ultimate target of natural selection-is underlain by many factors, including metabolic conversion, feather keratin integration and post-deposition degradation of carotenoids, which interact to produce a multitude of potential evolutionary trajectories. For example, feather abrasion and the associated degradation of keratin-imbedded carotenoids can produce a bright colour that is favoured during mating [17, 19, 33] . In such a case, a lineage might evolve moult timing or behavioural activities that enable the appropriate wear of protective feather structures and promote the oxidation of imbedded carotenoids. Once a favourable combination of dietary carotenoid stability, feather-wear and resulting colour is found, selection stabilizes and preserves this combination. However, because avian carotenoid pigmentation is dependent on the acquisition of dietary carotenoids the coevolution of expressed carotenoids, feather keratins and other morphological or behavioural modifications is likely to 'restart' periodically when a lineage obtains novel dietary carotenoids. Indeed, on evolutionary timescales, elongation of carotenoid metabolic pathways was sustained by the periodic gain of new dietary compounds that connect to existing metabolic pathways [25] . This implies that the evolution of metabolic elongation is associated not only with the increased biochemical stability of derived carotenoids, but also with the recurrent inclusion of fast-degrading dietary compounds. Our results corroborated this scenario-the number of fastdegrading carotenoids did not differ among species with different metabolic elongation (figure 3e). Instead, the increased stability of plumage carotenoids in species with the longest metabolic pathways was caused by the selective expression of slow-degrading, derived carotenoids (figure 3c). Elongation of metabolic pathways and selective expression coevolved in Figure 4 . The rate and frequency of evolutionary transitions between the stability of plumage carotenoids, moult timing and migratory tendency given the tree sample, data and priors. Thick black arrows indicated probable evolutionary transitions (zero-value rate parameters in less than 5% of models visited by the rj-MCMC chain). Thick grey arrows indicate marginally likely evolutionary transitions (zero-value rate parameters in 5 -11% of models). Absent arrows indicate improbable transitions (zero-value rate parameters in more than 19% of models) and n is the number of species. (a) Evolution of a single pre-breeding moult occurs only from ancestors with both a pre-and post-breeding moult, suggesting an evolutionary cycle in which a post-breeding moult is followed by a dual moult and then a single pre-breeding moult. Feathers indicate the timing of moult relative to breeding (indicated by a nest with eggs). (b) Evolutionary transitions from a post-to a prebreeding moult was dependent on migratory tendency, with migratory species being more likely to gain a pre-breeding moult and non-migratory species more likely to lose a pre-breeding moult. (c) Evolution of moult timing was strongly correlated with the stability of plumage carotenoids: species with predominantly fastdegrading carotenoids (green circles) have more labile moult timing than species with predominantly slow-degrading carotenoids (red circles). (d ) The mechanisms contributing to the stability of plumage carotenoids, elongation of metabolic pathways (i.e. increasing the number of modifications to dietary compounds) and selective expression of compounds (i.e. not expressing all compounds found in the diet or produced through metabolic modification), were very strongly correlated. Green circles represent fast-degrading, dietary carotenoids and the remaining circles are produced by metabolic modifications of dietary carotenoids, with red representing the slowest-degrading carotenoids. Open circles indicate unexpressed carotenoids. Metabolic pathways were considered short if there were less than or equal to one metabolic modification or elongate if greater than or equal to one modification. (Online version in colour.)
rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160403 birds (figure 4). Evolution of selective expression likely accounts for the continuity of plumage colour and resulting plumage ornamentation trends despite the periodic addition of new fast-degrading dietary carotenoids during lineage evolution. Connectivity of the enzymatic network that underlies carotenoid biosynthesis differs among avian clades and affects the patterns and rates of diversification in plumage carotenoids across species [25, 41, 61] . Our results suggest that a pre-breeding moult (and associated suite of ecological traits) should be especially prevalent in clades with limited opportunities for elongation of existing metabolic pathways or the addition of novel pathways. Similarly, a pre-breeding moult should be common in clades that consume a wide range of fast-degrading dietary carotenoids. Alternatively, these species might evolve protective feather structures that minimize carotenoid exposure and degradation (e.g. feather tips).
We found that selective expression of carotenoids (i.e. the ability not to express the intermediate metabolic stages) evolves readily in birds (figures 1, 2 and 4), although it had lesser evolutionary lability than metabolic elongation. Several carotenoids are usually present in developing feather follicles and there is evidence that their pattern of selective absorption is determined by the sequence in which carotenoid precursors and products are delivered to the follicle, competition for space or binding sites in feather keratin matrix, differences among carotenoids in their effect on feather structure, or an evolved specificity of feather keratin-carotenoid associations [62 -65] . The extent to which these mechanisms are evolutionary steps or alternative trajectories in the evolution of selective expression of carotenoids in the plumage is an open question. Some species produce their plumage coloration by consuming and expressing an array of dietary precursors, intermediates and end products of carotenoid metabolism, whereas others express only the end products (e.g. [66, 67] ). It is likely that selective expression involves the evolution of specificity in feather keratin-carotenoid associations and the selective permeability of feather follicles to certain carotenoids. Within a species, the presence of carotenoid compounds in a follicle was associated with early structural differentiation of the growing feather [38] . Feather growth rate, and associated moult duration, was highly variable among individuals, but this did not covary with the type or concentration of incorporated carotenoids [68] . This suggests that early organizational effects of carotenoids on feather development and structure play an important role in selective uptake and expression of carotenoids. The selective expression of carotenoids is routinely involved in modulating plumage polymorphism (species-, age-, sex-or season-related, [69] ), such that the rapid evolution of selective expression likely involves cooption of existing mechanisms for the selective association of pigment with the integument.
In sum, the likely coevolution of metabolic pathway elongation and selective expression of carotenoids might enable long-term evolutionary trends of colourful plumage despite the chemical instability of carotenoids that colour it. Considering metabolic, ecological and life-history traits in the same phylogenetic framework shows that external ecological factors, such as timing of moult in relation to breeding and migration schedules, might be most important in the early stages of plumage ornamentation evolution within lineages. Subsequent coevolution of metabolic pathway elongation with the selective expression of derived, slow-degrading carotenoids results in greater organismal integration of colourful displays and their decreased dependency on current ecological factors.
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